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Abstract—In this paper, an impulse radio ultra-wideband
(IR-UWB) communication system whose pulses are generated
directly in the optical domain and transmitted over free space
optical (FSO) links is presented. The elements of the input
Gaussian pulse train are ﬁrst phase modulated by a high-speed
electro-optical phase modulator and then phase to intensity
conversion is achieved via the use of the ﬁber Bragg grating.
The optical UWB pulses are transmitted over the FSO channels
which are characterized by random ﬂuctuations in the received
light intensity mainly due to the atmospheric turbulence. The
theoretical detection error probability analysis is presented for a
time-hopping pulse-position modulated (TH-PPM) UWB signal
model under weak, moderate and strong turbulence conditions.
Also, the performance of the proposed optical UWB system over
the FSO links is veriﬁed via simulations results.
I. INTRODUCTION
Ultra-wideband (UWB) signal need to achieve a fractional
bandwidth more than 20% or a 10-dB bandwidth in excess of
500 MHz in the frequency range from 3:1 to 10:6 GHz for
indoor communications [1]. UWB systems have the potantial
to achieve very high data rates, however, due to the low
power requirement and the severe multipath dispersion in the
channel, UWB communication is viable only at short ranges
(i.e., 10 to 30 meters) causing the last-mile problem between
the end-user and the central infrastructure. The end-user can
only operate in a stand-alone mode without the access to the
central network [2]. To overcome this bottleneck, the UWB-
over-ﬁber techniques are considered recently, which enable the
distribution of data over long distances with high data rates and
low loss as discussed in [3]-[6]. Another technique that can
fulﬁll the increasing demand for high data rates is free-space
optical (FSO) systems employing line-of-sight (LOS) wireless
communication that can support large bandwidths and generate
ultra-narrow pulses directly in optical domain [7].
In this paper, we consider the last mile problem in UWB
systems and propose a novel all optical UWB transceiver
architecture over FSO links as an alternative to the UWB-over-
ﬁber methods where the LOS communication is available. This
requires the data communication to be done via optical UWB
pulses meeting the U.S. Federal Communications Commission
regulation in [1] rather than the on-off keying in conventional
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FSO communication systems. The optical pulse generation
technique in this paper employs the phase modulation to in-
tensity modulation (PM/IM) conversion to generate sequences
of UWB Gaussian doublet pulses according to the approach
proposed in [2] and [5]. The UWB pulses are directly gener-
ated in the optical domain by the use of a high-speed electro-
optic phase modulator (EOPM) and ﬁber Bragg grating (FBG)
which modulate the input Gaussian pulse sequences. The
carrier is located at the quadrature slope of the FBG serving
as a frequency discriminator. Hence, at the output of FBG, the
second-order derivative of Gaussian pulses are obtained. Pulse-
position modulation (PPM) is employed which beneﬁt from
compatibility to work with rather slower switches compared
to on-off keying (OOK). Hence, the generated IR-UWB pulses
meet the requirements of the U.S. FCC regulations.
The signals transmitted through the FSO channels are
impaired by the atmospheric effects. Inhomogeneities induced
by temperature and atmospheric pressure lead to ﬂuctuations
both in the amplitude and phase of the received optical signal
intensity [7]. The turbulence induced fading conditions are de-
scribed by precise statistical channel models that are consistent
with experimental results are available in literature for different
statistical models. Speciﬁcally, weak, moderate and strong
turbulence conditions are commonly characterized by the log-
normal, Gamma-Gamma and negative exponential statistical
distributions, respectively. Taking these turbulence induced
fading distributions into account, we consider the effect of
the turbulence channel on the proposed time-hopping pulse-
position modulated (TH-PPM) UWB signal model and present
the theoretical detection error probability analysis for all three
turbulence regions. We also verify the theoretical analysis with
Monte-Carlo simulation results. Both the analysis and simu-
lation results indicate a feasible optical UWB communication
system which can achieve high data rates utilizing FSO optical
links over signiﬁcantly improved distances.
The remainder of this paper is organized as follows. Pulse
generation technique used in this work is presented in Section
II-A. Free space optical channel fading distributions for weak,
moderate and strong turbulence induced fading conditions are
discussed in Section II-B. The received signal model is shown
in Section II-C. In Section III, the average detection error
probability analysis is carried out and closed form expressionsare derived for all three cases. In Section IV, simulation results
are presented for several channel parameters and ﬁnally in
Section V, conclusions are given.
II. SYSTEM MODEL
A. Pulse Generation
Fig. 1. Block diagram of IR-UWB transmitter
The system to generate IR-UWB Gaussian monocycles
is seen in Fig. 1. The sequence of bits are pulse position
modulated and convolved with Gaussian pulses to obtain
Gaussian pulse trains. These are phase modulated by a high-
speed EOPM with a tunable laser diode input. The signal is
then passed through the circulator which allows only a certain
direction of wave propagation. The reﬂectivity spectrum of
the FBG is utilized such that a bandpass ﬁltering can be
effectively done. The optical carrier from the tunable laser
diode is adjusted such that it is located at the quadrature
slope of the FBG reﬂectivity spectrum and this causes a
second order differentiation to take place. It is experimentally
shown that the Gaussian pulse sequence is converted into
second-order derivatives when the optical carrier is located
at ¸c = 1536:210nm in [2]. Hence the UWB pulse sequence
is obtained. The generated IR-UWB signal at the output of
EOPM can be represented as
x(t) =
p
Ep
1 X
n=1
Ns¡1 X
j=0
p(t ¡ nTd ¡ jTf ¡ cjTc ¡ dnTp) (1)
where p(t) is a unit energy Gaussian monocycle and is the
second derivative of a Gaussian pulse. Ep is the energy of the
pulse and Td, Tf, Tc and Tp denote the symbol, bit, chip and
pulse durations, respectively. In one symbol period, bits are
repeated Ns times. Also, n denotes the nth symbol, j is the
pseudorandom noise (PN) sequence index, fcjg is the binary
PN code sequence for TH, cj 2 f0;1g and fdng is the binary
data sequence.
B. Free Space Optical Channel
The IR-UWB signal passes through the FSO channel where
the ﬂuctuations in signal intensity causes severe fades which
result from the atmospheric turbulence effects. The ﬂuctuations
in amplitude by a random variable X which has Gaussian
distribution with mean ¹x and variance ¾2
x. The scintillation
index is the normalized variance of fading intensity deﬁned as
¾2
SI =
E[I2]
E[I]2 ¡ 1 = e¾
2
x ¡ 1 (2)
where E[¢] denotes the expectation. In other words, it is a
measure describing the strongness of the fading conditions.
For weak turbulence regime, the received signal intensity at
the photodetector is related to the amplitude ﬂuctuations by
[8]
I = I0e2X¡2¹x (3)
where I0 represents the light intensity without turbulence. The
log-normal probability distribution function of light intensity
represents the condition where the amplitude ﬂuctuations
are weak and single scatters dominate the channel and this
condition is valid for the scintillation index between 0 and
0:75.
Under moderate turbulence conditions, the light intensity
can be modelled with Gamma-Gamma distribution where
small and large scale scatterers are each modelled with Gamma
distribution as explicitly described in [9]-[13] and are rep-
resented by ® and ¯. The dependence of small and large
scale scatterers to the variance of amplitude ﬂuctuations ¾2
x,
diameter of the receiver aperture D, optical wavelength ¸,
propagation distance L and index of the refractive structure
parameter C2
n for plane and spherical waves are presented in
[9]. Also, the relation between both scatterers and scintillation
index is given as
¾2
SI =
1
®
+
1
¯
+
1
®¯
: (4)
Finally, at the extreme case, the strong turbulence conditions
are modelled as one-sided negative exponential distribution as
presented in [14]-[16] and this condition represents the case
where there are many non-dominating scatterers in the channel
and is usually valid for propagation over several kilometers.
Thus, this saturation regime corresponds to scintillation index
around ¾2
SI ¼ 1.
The channel can be represented as h(t) = I + Ib where I
is the instantaneous light intensity. In literature, experiments
show that the channel coherence time of the FSO channels are
on the order of milliseconds which corresponds to a coherence
time of hundreds of symbols as presented in [17]. Therefore
the intensity can be interpreted as a constant over the coher-
ence time of the channel. Ib denotes the background radiation
(sometimes referred as ambient light) and its statistics are
assumed to be constant over time as described in [17]-[19].
C. Received Signal Model
Fig. 2. Block diagram of IR-UWB receiver
The block diagram of the IR-UWB receiver is seen in Fig. 2.
First, the photo-detector detects the photon ﬂux incident on the
detector area and produces a current that is proportional to thereceived photons, providing the optical to electrical conversion
of the received signal. The optical-to-electrical conversion
coefﬁcient ´ for 0 < ´ · 1 indicates the efﬁciency of the
photodetector. From this signal, the background radiation bias
´Ib is removed and the resulting signal can be represented as
r(t) = ´Ix(t) + n(t) (5)
=
p
Ep
1 X
n=1
Ns¡1 X
j=0
q(t ¡ nTd ¡ jTf ¡ cjTc ¡ dnTp) + n(t)
where q(t) = ´Ip(t). To demodulate the signal, matched
ﬁltering is used. The matched ﬁlter generates the correlation
signal xr(t) such that
xr(t) =
1
p
Ns
1 X
n=1
Ns¡1 X
j=0
pr(t ¡ nTd ¡ jTf) (6)
where pr(t) = [p(t ¡ cjTc) ¡ p(t ¡ cjTc ¡ Tp)]=
p
2. It
is assumed that there is perfect synchronization with the
incoming signal r(t) and the generated xr(t) in the receiver
side. The matched ﬁlter output can then be written as
y(kTd) =
Z kTd
(k¡1)Td
r(t)xr(t)dt = §´I
p
NsEp + ºk (7)
where the intensity fading term is I =
R kTd
(k¡1)Td q(t)pr(t)dt
and the noise term is ºk =
R kTd
(k¡1)Td n(t)xr(t)dt. It should
be remarked that this noise process assumes that the thermal
noise and the background shot noise are the two dominant
noise driving sources such that the combined effect of these
two sources can be modelled as independent and Gaussian
distributed process as in [17] and hence, ºk » (0;N0=2). After
matched ﬁltering with pr(t), the sampled outputs are passed
through zero-threshold and binary data symbols are decided.
III. DETECTION ERROR PROBABILITY ANALYSIS
In this section, we present the theoretical error probability
analysis for the detection of UWB pulses over the FSO links
under weak, moderate and strong turbulence conditions. The
probability of error for time-hopping pulse position modula-
tion (TH-PPM) with binary symbols is
Pe(°p;I) =
1
2
erfc
Ãr
Ns°p(´I)2
2
!
(8)
where erfc(¢) is the complementary error function and °p =
Ep=N0 is the ratio of pulse energy-to-noise spectral density.
Then, the average probability of error can be expressed as
Pe(°p) = EI [Pe(°p;I)] =
Z 1
0
Pe(°p;I)fI(I)dI (9)
where EI[¢] denotes the expectation over the distribution of I.
A. Weak Turbulence Induced Fading
The marginal distribution for the received light intensity is
log-normal distributed under weak turbulence conditions and
the probability distribution function (pdf) of the light intensity
is given by
f(I) =
1
2I
p
2¼¾2
x
exp
µ
¡
(ln(I=I0) ¡ 2¹x)2
8¾2
x
¶
, I ¸ 0: (10)
Under weak turbulence conditions, the light intensity is log-
normal distributed and the error probability for TH-PPM
system with binary symbols can be expressed as
Pe(°p) = EI[Pe(°p;I)] =
Z 1
0
1
2
erfc
Ãr
Ns°p(´I)2
2
!
£
1
2I
p
2¼¾2
x
exp
µ
¡
(ln(I=I0) ¡ 2¹x)2
8¾2
x
¶
dI (11)
which can be rewritten by the change of parameters as
Pe(°p) =
Z 1
¡1
1
2
p
¼
£ erfc
0
@
s
Ns°p(´I0ey
p
8¾2
x+2¹x)2
2
1
Ae¡y
2
dy (12)
where y = (ln(I=I0) ¡ 2¹x)=
p
8¾2
x . Integrals of this form
can be approximated via Gauss-Hermite expression form such
as Z 1
¡1
g(y)e¡y
2
dy ¼
n X
i=1
!ig(yi) (13)
where yi and !i, i = 1;::;n, are the ith root (abscissa) and as-
sociated weight of the Gauss-Hermite expression, respectively.
Abscissas and weight factors for Gauss-Hermite integration up
to 20th order are available in [20]. Then, rewriting (12) will
result in
Pe(°p) ¼
1
2
p
¼
n X
i=1
!ierfc
0
@
s
Ns°p(´I0eyi
p
8¾2
x+2¹x)2
2
1
A (14)
and in this work, it is observed that n = 20 provides the best
results.
B. Moderate Turbulence Induced Fading
The distribution of light intensity under moderate fading is
a function of both small and large scale scatterers and it can
be expressed as
fI(I;®;¯) =
2(®¯)
®+¯
2
¡(®)¡(¯)
I
®+¯
2 ¡1K®¡¯
³
2
p
®¯I
´
(15)
where ¡(¢) is the gamma function, Kn(¢) is the nth-order
modiﬁed Bessel function of the second kind. The average error
probability of the system is
Pe(°p) = EI[Pe(°p;I)] =
Z 1
0
1
2
erfc
Ãr
Ns°p(´I)2
2
!
£
2(®¯)
®+¯
2
¡(®)¡(¯)
I
®+¯
2 ¡1K®¡¯
³
2
p
®¯I
´
dI:(16)The integrands erfc(¢) and Kn(¢) in (16) can be expressed in
terms of Meijer’s G-function using [21] as
erfc
Ãr
Ns°p(´I)2
2
!
=
1
p
¼
G
2;0
1;2
·
Ns°p(´I)2
2
¯
¯ ¯
¯
1
0; 1
2
¸
K®¡¯
µ
2
p
®¯I
¶
=
1
2
G
2;0
0;2
·
®¯I
¯
¯ ¯
¯
¡
®¡¯
2 ;
¯¡®
2
¸
: (17)
The error probability Pe(°p) can be rewritten using (17)
Pe(°p) =
2(®¯)
®+¯
2
¡(®)¡(¯)
Z 1
0
I
®+¯
2 ¡11
2
G
2;0
0;2
·
®¯I
¯ ¯
¯
¯
¡
®¡¯
2 ;
¯¡®
2
¸
£
1
2
p
¼
G
2;0
1;2
·
Ns°p(´I)2
2
¯
¯ ¯
¯
1
0; 1
2
¸
dI; (18)
resulting in a closed-form expression using Eq.
07.34.21.0011.01 of [21]
Pe(°p) =
2®+¯¡3
p
¼3 ¡(®)¡(¯)
£ G
2;4
5;2
·
8´2Ns°p
®2¯2
¯
¯
¯ ¯
1¡®
2 ; 2¡®
2 ;
1¡¯
2 ;
2¡¯
2 ;1
0; 1
2
¸
: (19)
C. Strong Turbulence Induced Fading
Finally, we investigate the strong turbulence conditions. The
light intensity is one-sided negative exponentially distributed
and it can be expressed as
f(I) =
1
I
exp
µ
I
I
¶
(20)
where I denotes the mean light intensity. Then, the error
probability for strong turbulence conditions can be written as
Pe(°p) = EI[Pe(°p;I)] (21)
=
Z 1
0
1
2
erfc
Ãr
Ns°p(´I)2
2
!
1
I
exp
µ
¡
I
I
¶
dI
=
1
2
"
1 ¡ erfc
µ
1
´I
p
2Ns°p
¶
exp
1
2(´I)2Ns°p
#
:
Hence, (22) can be calculated directly. In the next section, we
compare our analytical results with Monte-Carlo simulations.
IV. SIMULATION RESULTS
In this section, the simulation results for weak, moderate
and strong fading conditions are presented. The frame size
is selected as N = 1000 symbols. The repetition rate is
taken as Ns = 2. The efﬁciency of the photo-detector to
be ´ = 0:9. The channel parameters change at every 200
symbols corresponding to ¿c=NTd = 0:2 where ¿c is the
channel coherence time and NTd is the total duration of a
frame. It should be emphasized that since the light intensity
is never negative, channel estimation is not necessary. In all
our simulations, perfect synchronization between the received
signal and the matched ﬁlter is assumed.
First, we consider the performance of the system when weak
turbulence induced fadings are present. The channel parame-
ters are chosen such that ¹x = 0 and ¾2
x = 0:1;0:2;0:3;0:4
and 0:5. Using the fact that ¾2
SI = exp
¡
¾2
x
¢
¡ 1 then, these
correspond to ¾2
SI = 0:105;0:221;0:35;0:492 and 0:6487, re-
spectively. Fig. 3 compares the Monte-Carlo simulated results
with the analytical approximation derived in (14) for binary
TH-PPM using different values of ¾2
x. Comparing solid lines
with dashed lines reﬂects a good correspondence of between
simulations and theoretical results.
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Fig. 3. Comparison of simulated and theoretical detection error probability
(DEP) for binary TH-PPM modulated UWB signal under weak, moderate
and strong turbulence fading conditions for ´ = 0:9 and ¹x = 0. The
weak turbulence condition parameters are ¾2
x = 0:1;0:2;0:3;0:4 and 0:5
(or ¾2
SI = 0:105;0:221;0:35;0:492 and 0:649, respectively), the moderate
turbulence channel parameters are chosen as ® = 4 and ¯ = 1:8;2;2:25 and
2:5 (or ¾2
SI = 0:944;0:875;0:806 and 0:75) and strong turbulence channel
parameters are chosen as I = EfIg = 1 and ¾2
x = 0:693 (or ¾2
SI = 1).
It is observed that the performance of the system gets worse
with the increase in variance of amplitude ﬂuctuations ¾2
x,
in effect, increase in the scintillation index. This result is
expected since scintillation index reﬂects the strongness of the
atmospheric turbulence and with increasing ¾2
SI increase in the
strength of the turbulence is observed, thus the performance
of the system decreases.
Next, we consider the system performance under moderate
turbulence fading with the channel parameters of ® = 4 and
¯ = 1:8;2;2:25 and 2:5. The corresponding scintillation index
values are ¾2
SI = 0:944;0:875;0:806 and 0:75, respectively.
Fig. 3 illustrates the detection error probability (DEP) for
moderate and strong conditions. It is observed that increasing
the value of ¯ decreases the scintillation index and reduces
the bit error probability. Thus, the performance of the system
increases. For example, consider the channel parameters of
® = 4 and ¯ = 2:5, the system achieves 10¡3 bit performance
at 31 dB whereas the channel with ® = 4 and ¯ = 1:8
achieves the same performance at 36:5 dB.
Finally, we demonstrate the strong turbulence induced fad-ing. The channel parameter is chosen as ¾2
x = 0:693 such that
¾2
SI = 1. We also selected I = EfIg = 1. The analytical
results and Monte-Carlo simulated results are shown in Fig. 3
using the derivation in (22). From comparison to the previous
cases, under strong turbulence induced fading conditions, the
system performs the worst. This is due to the fact that the
turbulence effects are the strongest under this condition.
V. CONCLUSION
In this paper, impulse radio ultra-wideband pulses that are
generated directly in the optical domain are used. These pulses
can easily be generated at low hardware costs using EOPM,
FBG and PD. The main challenge in the FSO channels is
atmospheric turbulence. Depending on the weather conditions
of the atmosphere, these ﬂuctuations in both amplitude and
phase can degrade the performance of the system so that
the communication link cannot be established at the extreme
cases. The error probability analysis of IR-UWB systems over
the FSO under low, moderate and strong turbulence induced
fading conditions are presented. The analytical and simulated
results both show that as the scintillation index ¾2
SI increases
from weak turbulence to strong turbulence conditions, the
performance of the system degrades severely. This is due to
the fact that scintillation index indicates the strength of the
atmospheric turbulence causing detrimental ﬂuctuations. Also,
simulation results presented in Section IV verify the closed-
form expressions given in Section III.
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